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R e s u l t s  of a t he rma l  a n a l y s i s  t o  p r e d i c t  t h e  i n t e r n a l  
t empera tu res  i n  an  i s o t o p e  h e a t  s o u r c e  ( a  d e s i g n  based  on 
P i o n e e r  technology)  d u r i n g  Brayton power sys tem o p e r a t i o n  
a r e  p r e s e n t e d ,  A range of  h e a t  sou rce  and h e a t  s o u r c e  h e a t  
exchanger  e m i s s i v i t i e s  which cou ld  be expec ted ,  a range  of 
h e a t  s o u r c e  f u e l  l o a d  around t h e  nomipal 400-watt  v a l u e ,  and 
a range of h e a t  exchanger  t empera tu re6  around t h e  nominal 
v a l u e  f o r  a 1600' F t u r b i n e  i n l e t  t empera tu re  were c o n s i d e r e d .  
The type  of h e a t  s o u r c e  r e e n t r y  i n s u l a t i o n  was a l s o  v a r i e d .  
Heat  s o u r c e  u n i t s  c o n f i g u r e d  i n  a p l a n a r  a r r a y  p a r a l l e l  t o  t h e  
h e a t  s o u r c e  h e a t  exchanger  and i n  a p incush ion  a r r a y  i n t e r -  
l e a v e d  w i t h  t h e  h e a t  s o u r c e  h e a t  exchanger  were cons ide red .  
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SuryMARY 

A t h e r m a l  a n a l y s i s  h a s  been performed t o  p r e d i c t  t h e  i n t e r n a l  
t e m p e r a t u r e s ,  p a r t i c u l a r l y  t h e  l i n e r  t e m p e r a t u r e ,  i n  an i s o t o p e  
h e a t  s o u r c e  (a d e s i g n  based  on P i o n e e r  t echno logy  and r e f e r r e d  t o  
h e r e  as  IBHS) d u r i n g  o p e r a t i o n  i n  a Brayton  power sys t em h e a t  s o u r c e  
u n i t .  The h e a t  s o u r c e  t e m p e r a t u r e s  were de te rmined  f o r  a range  of 
h e a t  s o u r c e  and h e a t  s o u r c e  h e a t  exchanger  e m i s s i v i t i e s  which c o u l d  
be expec ted ,  f o r  a range  o f  h e a t  exchanger  t e m p e r a t u r e s  a round t h e  
nominal  d e s i g n  f o r  1600' F t u r b i n e  i n l e t  t e m p e r a t u r e ,  and f o r  a 
range  of h e a t  s o u r c e  f u e l  l o a d  around t h e  nominal  v a l u e  o f  400 w a t t s .  
Heat  s o u r c e s  w i t h  t h r e e  t y p e s  of r e e n t r y  i n s u l a t i o n  were c o n s i d e r e d ,  
namely t h e  n i c k e l - z i r c o n i a  thermal s w i t c h  and p y r o l y t i c  g r a p h i t e  i n  
two and t h r e e  l a y e r s .  Three h e a t  s o u r c e  u n i t  geomet r i e s  were con- 
s i d e r e d ,  a p l a n a r  a r r a y  o f  h e a t  s o u r c e s  w i t h  h e a t  t r a n s f e r  from one 
s i d e  o f  t h e  a r r a y ,  a p incush ion  c o n f i g u r a t i o n  w i t h  h e a t  t r a n s f e r  
f rom two s i d e s  of heat s o u r c e  rows, and a l i m i t i n g  c a s e  i n  which 
i n d i v i d u a l  h e a t  s o u r c e s  were a x i s y m m e t r i c a l l y  su r rounded  by a h e a t  
exchanger  . 

The IBHS d e s i g n  c o n s i d e r e d  i n  t h i s  a n a l y s i s  h a s  a 6 . 3 - i n c h  
l o n g  c a p s u l e  and a 400-watt  f u e l  l o a d  and e i t h e r  a t h e r m a l  s w i t c h  
or two l a y e r s  o f  p y r o l y t i c  g r a p h i t e  r e e n t r y  i n s u l a t i o n  ( e m i s s i v i t y  
o f  0 .8 ) .  The r e s u l t s  p r e s e n t e d  show t h a t  t h i s  h e a t  s o u r c e  i s  
m a r g i n a l  i n  mee t ing  t h e  assumed s t e a d y  s t a t e  t e m p e r a t u r e  l i m i t  of 
2200° F on t h e  l i n e r  when t h e  h e a t  s o u r c e  i s  i n  a p l a n a r  a r r a y .  
Fo r  t h i s  same h e a t  s o u r c e ,  w i t h  a t h e r m a l  s w i t c h  i n s u l a t i o n  s l e e v e ,  
i n  a p incush ion  a r r a y ,  i t  was p r e d i c t e d  t h a t  t h e  l i n e r  t empera tu re  
would be 130° F lower .  
g r a p h i t e  i n s u l a t i o n  it was p r e d i c t e d  t h a t  t h e  l i n e r  would be 1000 F 
lower i n  a p i n c u s h i o n  a r r a y  t h a n  i n  a p l a n a r  a r r a y  HSU. 

F o r  an IBHS w i t h  two l a y e r s  of p y r o l y t i c  

A s  a comparison t o  t h e  IBHS,  r e s u l t s  a r e  a l s o  p r e s e n t e d  f o r  
an I s o l o a f  h e a t  s o u r c e  i n  which t h e  ene rgy  i s  n o t  c o n s t r a i n e d  t o  
be t r a n s f e r r e d  th rough  r e e n t r y  i n s u l a t i o n  d u r i n g  o p e r a t i o n .  The 



l i n e r  t e m p e r a t u r e  i n  an I s o l o a f  h e a t  s o u r c e  is shown t o  be  much 
l e s s  s e n s i t i v e  t o  v a r i a t i o n s  i n  r e e n t r y  i n s u l a t i o n  t h a n  i n  t h e  
IBHS d e s i g n .  The l i n e r  t empera tu re  i n  an  I s o l o a f  h e a t  s o u r c e  
w i t h  two l a y e r s  of p y r o l y t i c  g r a p h i t e  ( e m i s s i v i t y  assumecj 0.8) 
i n  a p l a n a r  a r r a y  i s  shown t o  be v e r y  c l o s e  t o  t h a t  i n  t h e  IBHS 
w i t h  t h e  same c a p s u l e  and i n s u l a t i o n  b u t  i n  a p incush ion  a r r a y .  

INTRODUCTION 

A thermodynamic power sys tem t o  qeve lop  a u x i l i a r y  e l e c t r i c  
power i n  space i s  b e i n g  developed  by NASA Lewis Research Center .  
The sys tem o p e r a t e s  on a c l o s e d  loop  Brayton c y c l e  (see r e f ,  1 
6c 23 .  One o f  the  ene rgy  s o u r c e s  under  c o n s i d e r a t i o n  f o r  t h i s  
sys tem i s  t h e  r a d i o i s o t o p e  Pu-238. The i s o t o p e  f u e l  i s  c o n t a i n e d  
i n  r e f r a c t o r y  m e t a l  c a p s u l e s  which a r e  su r rounded  by r e e n t r y  p ro -  
t e c t i o n  m a t e r i a l s .  The i n d i v i d u a l  r e e n t r y  p r o t e c t e d  c a p s u l e s  a r e  
c a l l e d  h e a t  s o u r c e s  (HS) and a r e  assembled o n t o  a s u p p o r t  s t r u c t u r e  
f o r  o p e r a t i o n  w i t h  t h e  Brayton  system. T h i s  assembly i s  r e f e r r e d  
t o  a s  t h e  h e a t  s o u r c e  q n i t  (MSU). The the rma l  ene rgy  o f  t h e  r a d i o -  
i s o t o p e  f u e l  i s  rac j ia tbd  from t h e  HSU t o  t h e  h e a t  s o u r c e  h e a t  ex-  
change r  (HSHX). A s  t h e  Brayton c y c l e  working gas p a s s e s  th rough  
t h e  HSHX it is  h e a t e d  t o  t h e  1600° F t u r b i n e  i n l e t  t empera tu re .  
I n  o r d e r  t h a t  t h e  YSU can  be e a s i l y  and s a f e l y  s e p a r a t e d  f r o q  t h e  
power sys tem,  w i t h q u t  o e n i n g  t h e  Brayton c y c l e  gas  loop ,  t h e b e  
i s  no p h y s i c a l  c o n t a c t  etween t h e  HSU and tbe  HSYX. 

I 
Should a tmosphe r i c  r e e n t r y  e v e r  o c c u r ,  t h e  e n t i r e  HSU is  an  

i n t e g r a l  p a r t  of a h e a t r  s o u r c e  r e e n t r y  v e h i c l e  (HSRV) which i s  
des igned  f o r  s a f e ,  p r e d i c t a b l e ,  i n t a c t  r e e n t r y  of t h e  HSU ( s e e  
r e f .  3 ) .  I n  a d d i t i o n ,  shou ld  an i n d i v i d u a l  HS become s e p a r a t e d  
from t h e  HSU and HSRV i t s  i n d i v i d u a l  r e e n t r y  p r o t e c t i o n  m a t e r i a l s  
are i n t e n d e d  t o  p r o v i d e  i t  w i t h  s a f e  r e e n t r y  c a p a b i l i t y .  

The number of h e a t  s o u r c e s  used  i n  t h e  HSU, t h e  HS f u e l  l o a d ,  
and t h e  HSU geometry depend on c o n s t r a i n t s  on sys tem s i z e  and 
we igh t  and on o p e r a t i o n a l  t h e r m a l  c o n s t r a i n t s .  The h e a t  s o u r c e  
(which i s  d e s c r i b e d  i n  more d e t a i l  l a t e r )  e v a l u a t e d  i n  t h i s  
a n a l y s i s  f o r  u se  i n  t h e  Brayton  power sys tem HSU i s  r e f e r r e d  t o  
a s  t h e  I s o t o p e  Brayton  h e a t  s o u r c e  (IBHS), The IBHS c o n t a i n s  a 
s l e e v e  o f  r e e n t r y  i n s u l a t i o n  f o r  p r o t e c t i o n  o$ t h e  c a p s u l e  d u r i n g  
i n d i v i d u a l  HS r e e n t r y .  However, s i n c e  t h e  t h e r m a l  ene rgy  from t h e  
c a p s u l e  must be t r a n s f e r r e d  th rough  t h i s  i n s u l a t i o n  d u r i n g  power 
sys tem o p e r a t i o n ,  t h e ’ p r e s e n c e  o f  t h e  i n s u l a t i o n  i n c r e a s e s  ope ra -  
t i o n a l  t e m p e r a t u r e s  o f  t h e  f u e l  c a p s u l e s .  When an adequa te  amount 
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o f  i n s u l a t i o n  is i n c l u d e d  f o r  r e e n t r y  p r o t e c t i o n ,  i t  becomes 
d i f f i c u l t  t o  meet t h e  t h e r m a l  c o n s t r a i n t s  d u r i n g  power sys tem 
o p e r a t i o n  ( s e e  ref ,  4).  The IBYS d e s i g n  i s  l i m i t e d  i n  ope ra -  
t i o n a l  t e m p e r a t u r e  by t h e  c o m p a t i b i l i t y  of  t h e  f u e l  w i t h  t h e  
me ta l l i c  l i n e r  s u r r o u n d i n g  i t  ( t h i s  i s  d i s c u s s e d  l q t e r ) .  

The c o n f l i c t  between r e e n t r y  and o p e r a t i o n a l  t h e r m a l  con- 
s t r a i n t s  can  be  a l l e v i a t e d  i n  two ways, One approach  would b e  
t o  change t h e  H S ' r e e n t r y  c h a r a c t e r i s t i c s  i n  o r d e r  t o  r educe  t h e  
r e q u i r e d  amount and e x t e n t  o f  t h e  r e e n t r y  i n s u l a t i o n .  A second 
approach  would be t o  change t h e  t h e r m a l  boundary c o n d i t i o n s  on 
a HS t o  reduce  i t s  o p e r a t i o n a l  t e m p e r a t u r e s .  

The main o b j e c t i v e  o f  t h i s  a n a l y s e s  is t o  i n v e s t i g a t e  t h e  
second a l t e r n a t i v e .  To do t h i s ,  t h e  o p e r a t i n g  t e m p e r a t u r e s  of 
a c a p s u l e  i n  an IBHS q r e  p r e d i c t e d  f o r  t h r e e  HSU g e o m e t r i e s :  
(1) a p l a n a r  a r r a y  w i t h  h e a t  t r a n s f e r  t o  t h e  YSHX from one s i d e  
of t h e  a r r a y  ( t h e  p r e s e n t  geometry,  s e e  ref .  3) ,  (2)  an  a r r a y  o f  
h e a t  s o u r c e s  w i t h  h e a t  t r a n s f e r  t o  t h e  HSHX from two s i d e s  o f  
t h e  a r r a y  ( r e p r e s e n t i n g  t h e  p incush ion  geometry,  see ref .  5 ) ,  
(3) a HSHX axisymmetr ic  w i t h  an  i n d i v i d u a l  YS o v e r  i t s  f u l l  l e n g t h  
( r e p r e s e n t i n g  t h e  l i m i t i n g  case o f  maximum b e a t  t r a n s f e r  a r e a ) ,  
I n  a d d i t i o n ,  t h e  HS f u e l  l o a d ,  t h e  HSHX t e m p e r a t u r e ,  t h e  HS r e e n t r y  
i n s u l a t i o n ,  and t h e  HS and HSHX s u r f a c e  e m i s s i v i t i e s  a r e  v a r i e d .  

The f irst  a l t e r n a t i v e  mentioned above t o  a l l e v i a t e  the c o n f l i c t  
between r e e n t r y  and o p e r a t i o n a l  t h e r m a l  c o n s t r a i n t s  h a s  been i n v e s -  
t i g a t e d  i n  a p r e l i m i n a r y  manner i n  r e f e r e n c e  6. The HS c o n f i g u r a -  
t i o n  examined t h e r e  (shown i n  f ig .  l b )  w a s  r e f e r r e d  t o  as an I s o l o a f  
HS and i s  ae rodynamica l ly  nhaped s o  t h a t  i f ' t h e  HS s t a b i l i z e s  d u r i n g  
r e e n t r y  i t  i s  i n  a p rede te rmined  o r i e n t a t i o n .  Reent ry  i n s u l a t i o n  
i s  i n c l u d e d  o n l y  on t h e  s i d e  o f  t h e  HS des igned  t o  l e a d  d u r i n g  any 
p o s s i b l e  s t a b l e  r e e n t r y  a t t i t u d e .  Such a c o n f i g u r a t i o n  e l i m i n a t e s  
t h e  need t o  t r a n s f e r  ene rgy  th rough  the  i n s u l a t i o n  d u r i n g  power 
sys t em o p e r a t i o n  and t h e r e f o r e  r educes  o p e r a t i o n a l  t e m p e r a t u r e s  o f  
t h e  c a p s u l e ,  Some p r e d i c t i o n s  o f  o p e r a t i o n a l  t e m p e r a t u r e s  i n  an  
I s o l o a f  HS a r e  i n c l u d e d  h e r e  a s  a comparison t o  t h e  IBHS. 

DESCRIPTION OF A HEAT SOURCE 

The h e a t  s o u r c e  d e s i g n  (IBRS) examined h e r e  i s  shown i n  
f i g u r e  l a .  I t  i s  a d e r i v a t i v e  of  t h e  HS b e i n g  developed  by t h e  
AEC f o r  t h e  P i o n e e r  mis s ion  i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r .  
The f u e l  i s  c o n t a i n e d  w i t h i n  a h e m i s p h e r i c a l l y  capped, c y l i n d r i c a l ,  
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r e f r a c t o r y  metal c a p s u l e .  The c a p s u l e  s t r u c t u r a l  member i s  a 
t a n t a l u m  a l l o y  (T-111) and i s  s e p a r a t e d  from t h e  f u e l  by a 
tantalum-10% t u n g s t e n  l i n e r .  The l i n e r  i s  i n t e n d e d  t o  p r e v e n t  
r e a c t i o n s  between t h e  f u e l  and t h e  s t r u c t u r a l  member. The T - 1 1 1  
member i s  cove red  by a plat inum-20% rhodium o x i d a t i o n  r e s i s t a n c e  
c l a d .  
o f  t h e  c a p s u l e  w i t h  t h e  h e m i s p h e r i c a l  end r e g i o n s  b e i n g  f i l l e d  
by molybdenum s p a c e r s .  

The f u e l  i s  d i s t r i b u t e d  th roughou t  t h e  c y l i n d r i c a l  p o r t i o n  

A h e a t  s o u r c e  c o n s i s t s  o f  the  f u e l e d  c a p s u l e  and i t s  r e e n t r y  
p r o t e c t i o n .  The IBHS r e e n t r y  p r o t e c t i o n  c o n s i s t s  of POCO and 
Carb-I-Tex g r a p h i t e s  and i n s u l a t i n g  mater ia ls .  The c y l i n d r i c a l  
p o r t i o n  o f  t h e  c a p s u l e  i s  su r rounded  by a s l e e v e  of  r e e n t r y  
i n s u l a t i o n  m a t e r i a l .  The c a p s u l e  and i n s u l a t i n g  ma te r i a l s  a r e  
h e l d  w i t h i n  a n  o u t e r  s l e e v e  of POCO g r a p h i t e  by Carb-I-Tex 
g r a p h i t e  end p lugs ,  The end p l u g s  a r e  s e p a r a t e d  from t h e  c a p s u l e  
by t a n t a l u m  f e l t  compliqnce pads  and a l a y e r  o f  TZM (molybdenum 
a l l o y ) .  The e x t e r i o r  shape  o f  t h e  POCO g r a p h i t e  i s  a hexagonal  
c y l i n d e r .  

I n  t h e  P i o n e e r  a p p l i c a t i o n  t h e  c y l i n d r i c a l  s leeve o f  r e e n t r y  
i n s u l a t i o n  c u r r e n t l y  b e i n g  c o n s i d e r e d  ( s e e  re f .  7) i s  t h r e e  l a y e r s  
o f  p y r o l y t i c  g r a p h i t e  (PG) ' w i t h  a t o t a l  t h i c k n e s s  o f  200 m i l s .  
I n  t h e  IBHS b e i n g  e v a l u a t e d  f o r  u se  w i t h  t h e  Brayton  power sys tem,  
two o t h e r  t y p e s  of  r e e n t r y  i n s u l a t i o n  are  c u r r e n t l y  b e i n g  con- 
s i d e r e d  by t h e  AEC. One c o n s i s t s  o f  a s l e e v e  o f  two l a y e r s  o f  
PG w i t h  t o t a l  t h i c k n e s s  o f  133 m i l s .  The o t h e r  c o n s i s t s  o f  a 
200 m i l  t h i c k  s l e e v e  of n i c k e l - z i r c o n i a , t h e y m a l  s w i t c h  m a t e r i a l .  
T h i s  m a t e r i a l  i s  a z i r c o n i a  foam impregnated  w i t h  n i c k e l  and 
e x h i b i t s  an i r r e v e r s i b l e  d e c r e a s e  i n  t h e r m a l  c o n d u c t i v i t y  when 
t h e  m a t e r i a l  r e a c h e s  o r  exceeds  t h e  n i c k e l  m e l t i n g  t empera tu re  
(2600O F) d u r i n g  a tmosphe r i c  r e e n t r y  ( see  r e f ,  8 ) .  The m a t e r i a l  
t h u s  h a s  a d e s i r a b l y  low t h e r m a l  c o n d u c t i v i t y  d u r i n g  r e e n t r y  and 
a s l i g h t l y  h i g h e r  v a l u e  d u r i n g  power sys tem o p e r a t i o n ,  

The f u e l  c a p s u l e  i s  a v e n t e d  d e s i g n .  A p r e s s u r e  r e t e n t i o n  
d e v i c e  (PRD) i s  i n c l u d e d  i n  one end o f  t h e  c a p s u l e  (no t  shown 
i n  f i g u r e  l a )  t o  m a i n t a i n  a he l ium p r e s s u r e  o f  1 .0  t o  6 .0  p s i a  
w i t h i n  t h e  plat inum-20% rhodium c l a d .  I n  t h e  p r e s e n t  thermal 
a n a l y s i s  it is  assumed t h a t  a l l  gaps w i t h i n  t h e  c a p s u l e  a r e  
he l ium f i l l e d .  

THERMAL CONSTRAINTS 

The t e m p e r a t u r e  d i s t r i b u t i o n  within1 t h e  IBHS l o c a t e d  w i t h i n  
t h e  HSU a r r a y  d u r i n g  s t e a d y  s t a t e  power s y s t e m  o p e r a t i o n  must b e  
k e p t  below a l i m i t  which i s  de te rmined  by t h e  c o m p a t i b i l i t y  o f  
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t h e  f u e l  w i t h  t h e  l i n e r  m a t e r i a l .  For  t h e  purpose of t h g  p r e s e n t  
t h e r m a l  a n a l y s i s ,  t h i s  upper  l i m i t  i s  assumed t o  be 2200 F. The 
v a l i d i t y  of  t h i s  l i y i t  has  y e t  t o  be confirmed by t e s t  d a t a .  

A second the rma l  c o n s t r a i n t  a p p l i e s  t o  a tmosphe r i c  r e e n t r y  
of an i n d i v i d u a l  HS. I t  i s  p r e s e n t l y  r e q u i r e d  t h a t  t h e  p la t inum-  
20% rhodium o x i d a t i o n  r e s i s t a n c e  c l a d  on t h e  c a p s u l e  be k e p t  
below i t s  m e l t i n g  t empera tu re  (-3400O F ) ,  A number of s t a b l e  
o r i e n t a t i o n s  and tumbl ing  and s p i n n i n g  mot ions  d u r i n g  r e e n t r y  
m u s t , b e  c o n s i d e r e d  i n  t h e  s e l e c t i o n  of t h e  US r e e n t r y  p r o t e c t i o n  
m a t e r i a l s .  I t  h a s  g e n e r a l l y  been a c c e p t e d  bha t  t h e  s ide -on-  
s t a b l e  o r i e n t a t i o n  th roughou t  t h e  t r a j e e t o r y  i s  t h e  most s e v e r e  
t h e r m a l l y .  Dur ing  s i d e - o n - s t a b l e  r e e n t r y  of an IBYS, i n  an 
o r b i t a l  decay  g t r a j e c t q r y ,  t h e  peak t e m p e r a t u r e  o f  tihe POCO 
g r a p h i t e  i s  p r e d i c t e d  t o  r e a c h  about  4000° F ( see  r e f ,  4 6r 9) 
T h i s ,  t o g e t h e r  w i t h  t h e  h i g h  t h e r m a l  c o n d u c t i v i t y  of POCO 
(-20 BTU/hr-f tToF),  r e s u l t s  i n  t h e  n e c e d s i t y  o f  i n c l u d i n g  a 
l a y e r  of  i n s u l a t i o n  between t h e  POCO a n d s t h e  c l a d , . t o  keep t h e  
c l a d  below i t s  m e l t i n g  t e m p e r a t u r e  d u r i n i  s i d e - o n - s t a b l e  r e e n t r y .  
Because of t h e  o m n i d i r e c t i o n a l  r e e n t r y  c h a r a c t e r i s t i c s  of t h e  
IBFfSt ( i t  c o u l d  s t a b i l i z e  w i t h  any o f  t h e  s i x  s i d e s  l e a d i n g )  
t h i s  i n s u l a t i o n  must su r round  t h e  c a p s u l e  a s  shown i n  f i g u r e  1. 

Because t h e  i n s u l a t i o n  s u r r o u n d s  t h e  c a p s u l e ,  t h e  t h e r m a l  
e n e r g y  from t h e  f u e l  must be  t r a n s f e r r e d  th rough  it d u r i n g  s t e a d y  
s t a t e  power sys tem o p e r a t i o n .  I n c l u d i n g  t h e  i n s u l a t i o n  i n  t h e  
I B H S  r a i s e s  i t s  s t e a d y  s t a t e  l i n e r  t e m p e r a t u r e  r e s u l t i n g  i n  a 
c o n f l i c t  between t h e  s t e a d y  s t a t e  gnd r e e n t r y  t h e r m a l  c o n s t r a i n t s .  
T h i s  i s  f u r t h e r  d f s c u s s e d  i n  r e f e r e n c e  q. 
t i o n  r e q u i r e d  depends on t h e  t r a j e c t o r y ,  a s , w e l l  a s  on t h e  HS 
o r i e n t a t i o n  d u r i n g  r e e n t r y ,  and on t h e  t e m p e r a t u r e  d i s t r i b u t i o n  
i n  t h e  HS a t  t h e ' b e g i n n i n g  of t h e  t r a j e c t o r y .  
r e f e r e n c e  4, i f  an adequa te  amount o f  i n s u l a t i o n  i s  i n c l u d e d  i n  
an  IBHS t o  p r o t e c t  t h e  c l a d  d u r i n g  s i d e - o n - s t a b l e  r e e n t r y ,  t h e  
s t e a d y  s t a t e  t e m p e r a t u r e s  may exceed t h e  assumed a p c e p t a b l e  l i m i t .  

The amount of i n s u l a -  

A s  shown i n  

The amount ,of  i n s u l a t i o n  n e c e s s a r y  f o r  a tumbl ing  or s p i n n i n g  
YS i s  much less t h a n  r e q u i r e d  f o r  a s i d e - o n - s t a b l e ,  o r i e n t a t i o n  
(e .g . ,  6ee r e f .  4) .  T h e r e f o r e  a p o s s i b l e  way t o  qvoid  t h e  con- 
f l i c t  between t h e . t w o  t h e r m a l  c o n s t r a i n t s  would be t o  e l i m j n a t e  
t h e  p o s s i b i l i t y  of s i d e - o n - s t a b l e  o r i e n t a t i o n  o c c u r r i n g  s o  t h a t  
t h e  i n s u l a t i o n  r equ i r emen t s  a r e  reduced.  
be t o  ae rodynamica l ly  shape  t h e  HS f o r  p r e d i c t a b l e  o r i e n t a t i o n  
and t h e n  t o  i n c l u d e  i n s b l a t i o n  on ly  on t h e  s i d e  of t h e  HS des igned  

Another  approach  would 
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t o  l e a d  i f  t h e  HS a t t i t u d e  s t a b i l i z e d  d u r i n g  r e e n t r y ,  The 
o p p o s i t e  s i d e  c q u l d  be used a s  a h e a t  t r a n s f e r  P a t h  d u r i n g  
s t e a d y  s t a t e  power sys tem o p e r a t i o n .  
examined i n  r e f e r e n c e  €j.; A t h i r d  approach would be t o  accept 
t h e  amount of  i n s u l a t i d n  r e q u i r e d  f o r  r e e n t r y  and t o  reduce  
s t e a d y  s t a t e  o p e r a t i o n a l  t empera tu res  by o t h e r  means, as 
examined i n  t h i s  a n a l y s i s .  

T h i s  apprpach h a s  been 

ANALYSIS 

The IBHS c o n s i d e r e d  i n  t h i s  a n a l y s i s  i s  shown i n  f i g u r e  l a .  
The t e m p e r a t u r e s  o f  t h e  h e a t  s o u r c e  are p r e d i c t e d  f o r  t h r e e  HSU 
c o n f i g u r a t i o n s .  One i s  t h e  c lose-packed  p l a n a r  a r r a y  o f  h e a t  
s o u r c e s  which r a d i a t e  energy  t o  t h e  HSHX from on ly  one s i d e  o f  
t h e  a r r a y  ( f i g .  2a ) .  T h i s  co r re sponds  t o  t h e  p r e s e n t  HSU d e s i g n  
approach  ( r e f ,  3 ) .  Another ,  c a s e  c o n s i d e r e d  i s  a close,-packed 
a r r a y  o f  h e a t  sourceq  w h i c h ' r a d i a t e  energy  t o  t h e  HSHX from b o t h  
s i d e s  o f  t h e  a r r a y .  P h y s i c a l l y  t h i s  case c o u l d  be approached by 
a r r a n g i n g  t h e  h e a t  s q u r c e s  i n  s i n g l e  rows w i t h  t h e  h e q t  s o u r c e  
ends  a t t a c h e d  t o  the$SU s u p p o r t  p l a t e .  
i n s e r t e d  between rowstof  h e a t  s o u r c e s  s o  t h a t  each  HS row r a d i a t e d  
energy  t o  t h e  HSHX on two o p p o s i t e  s i d e s  o f  t h e  row ( see  f i g . ' 2 b ) .  
T h i s  i s  t h e  p ineush ion  HSU c o n f i g u r a t i o n  c o n s i d e r e d  i n  r e f e r e n c e  5. 
I n  b o t h  of  t h e s e  c a s e s  5 t  was assumed t h a t  t h e r e  i s  no space  
between a d j a c e n t  h e a t  s o u r c e s .  F i n a l l y ,  t h e  t h i r d  c a s e  c o n s i d e r e d  
i s  t h e  HSHX a x i s y m m e t r i c a l l y  s u r r o u n d i n g  i n d i y i d u a l  h e a t  s o u r c e s  
ove r  t h e i r  f u l l  l e n g t h .  
t h e  maximum h e a t  t r a n s f e r  a r e a  between HS and'HSHX. 

The HSHX would t h e n  be 

T h i s  i s  t h e  1 i m i t i n g : c a s e  r e p r e s e n t i n g  

The p r e s e n t  a n a l y s i s  i s  d i v i d e d  i n t o  b v o ' p a r t s ,  F i r s t ,  a 
p r e l i m i n a r y  es t imate  o f  t h e  US r a d i a t i n g  surface t empera tu re  w a s  
made as  a f u n c t i o n  o f  t h e  e m i s s i v i t i e s  of the!HS e x t e r i o r  s u r f a c e  
and t h e  HSHX s u r f a c e  and as  a f u n c t i o n  of t h e  s i n k  t empera tu re  
f o r  t h e  t h r e e  HSU geomet r i e s  l i s t e d  above.. A s imple  one dimen- 
s i o n a l  model o f  t h e  r a d i a t i v e  t r a n s f e r  between t h e  HS and YSHX 
was used  f o r  t h i s  purpose ,  The resul ts  g i v e  an i n d i c a t i ' b n , o f  
t h e  s e n s i t i v i t y  of  t h e  YS t empera tu res  t o  t h e s e  f a c t o r s . '  Th i s  
approach  avo ids  t h e  d e t a i l e d  c o n s i d e r a t i p n  of t h e  h e a t  t r a n s f e r  
w i t h i n  a HS w i t h  c o n s i a e r a b l e  s a v i n g s  i n  computa t iona l  t ime and 
e f f o r t  . , 

T h i s  s imple  model does  n o t  however p r e d i c t  t h e  a c t u a l  v a r i a t i o n  
i n  t empera tu re  ove r  t h e  HS s u r f a c e  o r  t h e  t empera tu re  d i f f e r e n c e  
between t h e  HS surface and t h e  l i n e r  h o t  s p o t .  The l i n e r  h o t  s p o t  
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i s  t h e  o p e r a t i n g  t empera tu re  o f  pr imary  i n t e r e s t  and t h e  d i f f e r e n c e  
between t h i s  t empera tu re  and t h e  HS s u r f a c e  t empera tu re  i s  a c t u a l l y  
a f u n c t i o n  of such  parameters  a s  HSU geometry,  HS f u e l  l oad ,  and 
s i n k  t empera tu re ,  The second p a r t  of t h i s  a n a l y s i s  w a s  t o ' e x a m i n e  
t h e  HS i n t e r i o r  h e a t  t r a n s f e r  i n  d e t a i l .  Two the rma l  models were 
used  f o r  t h i s  purpose ,  a one-dimensional  model f o r  t h e  axisym- 
metric H S ,  HSHX case and a t h r e e - d i m e n s i o n a l  model f o r  t h e  o t h e r  
two H S U  geomet r i e s  cons ide red .  

One Dimensional  R a d i a t i o n  T r a n s f e r  Thermal Model 

The one-dimensional  t he rma l  model used  t o  s i m u l a t e  t h e  
r a d i a t i v e  exchange between t h e  H S  a r r a y  and t h e  YSYX i s  shown 
i n  f i g u r e  3. P o s s i b l e  t empera tu re  v a r i a t i o n s  o v e r  i the HS s u r f a c e  
and o v e r  t h e  HSHX s u r f a c e  are n e g l e c t e d . '  The HSHX'is assumed t o  
be an i n f i n i t e  p l a n e  s u r f a c e .  The H S  a r r a y  s u r f a c e  i s  t a k e n  t o  
be i n f i n i t e  w i t h  p a r a l l e l ,  1 2 0  deg ree  i n c l u d e d  ang le  V-grooves 
r e p r e s e n t i n g  t h e  t o p  s u r f a c e  o f  t h e  h e a t  s o u r c e s .  The r e s u l t i n g  
t empera tu re  of  t h e  H S  s u r f a c e  can be  though t  of a s  an ave rage  of  
t h e  a c t u a l  t empera tu re  v a r i a t i o n  which wouyd occur, 

The r a d i a t i v e  f l u x  i n p u t  t o  t h e  HSHX f o r  t h e  one-dimensional  
model i n  f i g u r e  1 can be w r i t t e n :  

(a  symbol l i s t  i s  i n c l u d e d  i n  Appendix A ) ,  

For t h e  two HSU geomet r i e s  c o n s i d e r e d ' i n  which t h e  h e a t  
s o u r c e s  are a r r anged  i n  a p l a n a r  a r r a y  o r  i n  rows, t h e  view 
f a c t o r s  are 

= 0.866 FHS -m 
= 0.134. - - 

H S  -HS l - F ~ ~  -HX an4 F 

For t h e  c a s e  i n  which i t  i s  assumed t h a t  t h e  HSHX su r rounds  
each  H S  ax i symmet r i cq l ly  t h e  view f a c t o r s  are 

= 1 .0  FHS -EJX 

and FHS-YS = 0 - 0 ,  
I 



For t h i s  model, t o e  r a d i a t i v e  f l u x  i n p u t  t o  t h e  h e a t  ex- 
changer  i s  a l s o  e q u a l  t o  t h e  HS f u e l  l o a d  d i v i d e d  by t h e  p ro -  
j e c t e d  a r e a  o f  a HS on t h e  YSqX: 

Equa t ions  (1) - (3) are  s o l v e d  t o  o b t a i n  t h e  HS r a d i a t i n g  s u r f a c e  
t empera tu re  a s  a f u n c t i o n  o f  t h e  HSHX tempera tu re  and t h e  HS and 
HSHX e m i s s i v l t i e s .  

Axisymmetric,  One-Dimensional Therm31 

Model of  a Heat  Source  

I n  o r d e r  t o  de te rmine  HS i n t e r i o r  t empera tu res ,  a more 
d e t a i l e d  the rma l  model, i s  r e q u i r e d .  O f  t h e  t h r e e  HSU geomet r i e s  
cons ide red ,  t h e  a x i s y q m e t r i c  HSHX c a s e  i s  most e a s i l y  handled .  
If t h e  e f fec t  o f  t h e  c o r n e r s  on t h e  hexagonal  shaped POCO a r e  
n e g l e c t e d ,  t h e  HS i s  i s o t h e r m a l  i n  t h e  d i r e c t i o n  around i t s  a x i s .  
I n  a d d i t i o n ,  i f  it i s  assumed t h a t  each  element  o f  t h e  fI9 h a s  
no l o n g i t u d i n a l  t empera tu re  g r a d i e n t ,  t h e  problem becomes a 
one-d imens iona l  one, w i t h  h e a t  t r a n s f e r  on ly  i n  t h e !  r a d i a l  
d i r e c t i o n .  T h i s  t h e r m a l  model i s  shown i n  f i g u r e  4, !C$t can  be 
s e e n  t h a t  t h e  p o s s i b l e  h e a t  f l ow p a t h  th rough  t h e  h e m i s p h e r i c a l  
end of t h e  c a p s u l e  and t h e  Carb-I-Tex end p l u g  of the HS a r e  
n o t  i n c l u d e d  i n  t h e  model. Neg lec t  o f  t h i s  p o s s i b l e  h e a t  t r a n s f e r  
p a t h  makes t h e  model c o n s e r v a t i v e  ( t h e  amount of  conseavat i sm 
w i l l  be  d i s c u s s e d  l a t e r ) .  I t  i s  assumed t h a t  each  gap w i t h i n  
t h e  c a p s u l e  c l a d  i s  he l ium f i l l e d .  

Using t h e  one-dimensional  HS model i n  f i g u r e  4, t h e - r a d i a l  
t empera tu re  d i s t r i b u t i o n  i n  t h e  IBHS w a s  c a l c u l a t e d .  The 
t empera tu re  change a c r o s s  each  e lement  of  t h e  HS and a c r o s s  each 
he l ium gap was o b t a i n e d  by s o l v i n g :  

8 



where k i s  t h e  the rma l  c o n d u c t i v i t y  o f  t h e  m a t e r i a l  and L i s  
t h e  l o g i t u d i n a l  l e n Q t h  o f  t h e  element  i n  t h e  the rma l  model. 
The l o n g i t u d i n a l  l e n g t h  o f  t h e  POCO is  t a k e n  a s  t h e  o v e r a l l  
IBHS l e n g t h ;  t h e  l e n g t h  o f  t h e  i n s u l a t i o n  s l e e v e  i s  t a k e n  as 
i t s  a c t u a l  l e n g t h ;  and t h e  l e n g t h  of  each  e lement  of  t h e  c a p s u l e  
i s  t a k e n  a s  t h e  l e n g t h  of  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  capsu le .  
I t  i s  assumed t h a t  h e a t  t r a n s f e r  between t h e  l a y e r s  o f  r e e n t r y  
p r o t e c t i o n  m a t e r i a l s  i s  by r a d i a t i o n  only .  The t empera tu re  
d i f f e r e n c e  a c r o s s  t h e s e  r a d i a t i o n  gaps was de termined  u s i n g :  

Three-Dimensional Thermal Model of  a Heat Source  

For  t h e  o t h e r  two HSU geomet r i e s  cons ide red ,  t h e  HS i s  n o t  
t h e r m a l l y  axisymmetr ic  and a mul t i -d imens iona l  t he rma l  model 
i s  r e q u i r e d .  The model shown i n  f i g u r e  4 was g e n e r a l i z e d  t o  
o b t a i n  t h e  th ree -d imens iona l  t h e r m a l  model shown i n  f i g u r e  5a,  
Again t h e  p o s s i b l e  h e a t  t r a n s f e r  p a t h  th rough  t h e  h e m i s p h e r i c a l  
ends of  t h e  c a p s u l e  and t h e  Carb-I-Tex end p lugs  are n o t  i nc luded  
s o  t h e  model i s  c o n s e r v a t i v e .  The degree  o f  conse rva t i sm i s  no t  
l a r g e  s i n c e  t h e  heat t r a n s f e r  p a t h  n e g l e c t e d  i s  i n  f a c t  a h i g h  
r e s i s t a n c e  p a t h  ( t h e  amount of  conse rva t i sm i s  e v a l u a t e d  l a t e r ) .  
A s  shown by f i g u r e  1, t h i s  h e a t  t r a n s f e r  p a t h  i n c l u d e s  t h e  l a y e r  
o f  low the rma l  c o n d u c t i v i t y  t a n t a l u m  f e l t .  Tbe network of  nodes 
i n  f i g u r e  Sa r e p r e s e n t s  o n e - q u a r t e r  of  an  I B H S  and was used  t o  
o b t a i n  t h e  t empera tu re  d i s t r i b u t i o n  u s i n g  t h e  CINDA-3G computer 
coqe ( r e f ,  1 0 ) .  

The the rma l  boundary c o n d i t i o n s  p l aced  on t h e  e x t e r i o r  
s u r f a c e s  of  t h e  POCO nodes i n  t h e  model depend on t h e  p a r t i c u l a r  
HSU geometry b e i n g  cons ide red .  , T h e  HS w a s  assumed t o  r a d i a t e  t o  
a HSHX on one s i d e  of  t h e  HS a r r a y  f o r  t h e  p l a n a r  a r r a y  HSU and 
t o  a HSHX on two o p p o s i t e  s i a e s i o f  a HS row for t h e  p incush ion  
HSU. The r a d i a t i v e  exchange f a c t o r s  from t h e  HS s u r f a c e  nodes 
t o  t h e  HSHX were c a l c u l a t e d  i n c l u d i n g  t h e  p re sence  of  t h e  a d j a c e n t  
h e a t  sou rces .  The n o n r a d i a t i n g  e x t e r i o r  s u r f a c e s  of t h e  HS were 
assumed t o  be a d i a b a t i c .  

The the rma l  p r o p e r t i e s  o f  t h e  nodes i n  f i g u r e  Sa denoted  a s  
r e e n t r y  i n s u l a t i o n  were t a k e n , t o  be t h o s e  o f  e i t h e r  t h e  n i c k e l -  
z i r c o n i a  the rma l  s w i t c h  o r  of  p y r o l y t i c  g r a p h i t e  (PG). The 
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t h e r m a l  s w i t c h  was t aken  t o  be one l a y e r ,  200 m i l s  t h i c k  r a d i a l l y  
w i t h  a s t e a d y  s t a t e  the rma l  c o n d u c t i v i t y  o f  1 .5  BTUhr-ft-OF and 
a s u r f a c e  e m i s s i v t y  of 0.60. The PG was t a k e n  a s  two s e p a r a t e  
l a y e r s ,  each  67 m i l s  t h i c k  r a d i a l l y ,  w i t h  a thermal, c o n d u c t i v i t y  
o f  0 .77  BTU/hr-ft-OF i n  t h e  r a d i a l  d i r e c t i o n  and 120,O BTU/hr-ft-OF 
i n  t h e  c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  d i r e c t i o n s  Two v a l u e s  
of  e m i s s i v i t y  were c o n s i d e r e d  f o r  PG, 0 .5  and 0 , 8 , , b e c a u s e  o f  t h e  
u n c e r t a i n t y  i n  t h e  c o r r e c t  va lue .  

The the rma l  model used  f o r  t h e  I s o l o a f  HS r e s u l t s  p r e s e n t e d  
h e r e  i s  shown i n  f i g u r e  5b, I t  d i f f e r s  from t h e  IBHS model i n  
f i g u r e  Sa o n l y  i n  t h e  e x t e r i o r  shape  o f  t h e  POCO and i n  t h e  e x t e n t  
of t h e  r e e n t r y  i n s u l a t i o n ,  During power system o p e r a t i o n ,  t h e  
I s o l q a f  h e a t  s o u r c e s  are assumed t o  be a r r a n g e d  i n  a p l a n a r  a r r a y  
w i t h  t h e  f l a t  s i d e  r e s t i n g  on t h e  HSU s u p p o r t  p l a t e .  The the rma l  
energy  i s  t r a n s f e r r e d  from t h e  o p p o s i t e  s i d e  t o  t h e  HSHX. The 
r e e n t r y  i n s u l a t i o n  e x t e n d s  around t h e  c a p s u l e  on ly  on t h e  f l a t  
s i d e  of  t h e  h e a t  s o u r c e  which i s  i n t e n d e d  t o  l e a d  i f  s t a b i l i z e d  
o r i e n t a t i o n  occur s  d u r i n g  i n d i v i d u a l  HS r e e n t r y  ( s e e  ref.  6 ) .  

RESULTS OF ANALYSIS 

One-Dimensional R a d i a t i o n  T r a n s f e r  A n a l y s i s  

I n  f igure 6 ' t h e  IjS r a d i a t i n g  s u r f a c e  t empera tu re  i s  shown 
f o r  t h e  p l a n a r  a r r a y  YSU as  a f u n c t i o n  o f  IjS and HSHX e m i s s i v i t i e s .  
The HSHX w a s  assumed 60 be a t  1670° F, 
c a l c u l a t e d  i n  r e f e r e n o e  3 f o r  a 1600° F t u r b i n e  i n l e t  g a s  tempera-  
t u r e .  A s  a l r e a d y  s t a t e d  t h i s  p r e s e n t  c a l c u l a t i o n  n e g l e c t s  
p o s s i b l e  v a r i a t i o n s  i n  t empera tu re  o v e r  t h e  HS s u r f a c e  and r e s u l t s  
i n  an averqge  HS s u r f a c e  t empera tu re ,  For cqmparison,  i n  f igure 7 
some HS s u r f a c e  t e m p e r a t u r e s  c a l c u l a t e d  u s i n g  a t h r e e - d i m e n s i o n a l  
t h e r m a l  a n a l y s i s  o f  a ' c o m p l e t e  IBI jS 'a re  shown, The three-d imen-  
s i o n a l  a n a l y s i s  i n c l u d e d  d e t a i l e d  , c o n s i d e r a t i o n  o f  t h e  h e a t  t r a n s -  
f e r  w i t h i n  an IBHS l o c a t e d  i n  t h e  HSU a r r a y  qnd r a d i a t i n g  t o  a 
1670O F HSHX. The the rma l  model used f o r  t h e  IBHS w a s  s i m i l a r  
t o  t h a t  shown i n  figure 5 b u t  i n c l u d e d  t h e  c a p s u l e  h e m i s p h e r i c a l  
end and t h e  Carb-I-Tex end p lug .  The HS s u r f a c e  e m i s s i v i t y  was 
t a k e n  as  0.80 and t h e  YSHX e m i s s i v i t y  was t a k e n  a s  0.85. For 
t h e s e  same e m i s s i v i t y  Galues ,  t h e  one-dimensional  model g i v e s  a 
HS s u r f a c e  t empera tu re ,  a s  shown i n  f igure 6,  o f  1 8 1 4 O  F, The 
r e s u l t s  g iven  i n  f i g u r e  6 are i n t e n d e d  t o  show t h e  dependence o f  
t h e  HS s u r f a c e  t empera tu re  on t h e  s u r f a c e  e m i s s i v i t i e s .  The 
e m i s s i v i t y  of  t h e  POCO g r a p h i t e  HS s u r f a c e  i s  i n  t h e  range from 
0 .75  t o  0.85. The c o a t i n g s  c u r r e n t l y  b e i n g  Considered f o r  t h e  
HSHX s u r f a c e  range  i n  t h e  e m i s s i v i t i e s  from 0 - 6 5  t o  0.95. 

(ho t  s p o t  t empera tu re )  
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The s t e a d y  s t a t e  t h e r m a l  a n a l y s e s  performed f o r  t h e  p r a y t o n  HSU 
i n  r e f e r e n c e s  4, 6, and 9 have assumed a n  e m i s s i v i t y  o f  0.80 f o r  
t h e  HS and 0.85 f o r  t h e  HSHX. Reference t o  f i g u r e  6 ' shows t h a t  
t h e s e  e m i s s i v i t i e s  (EHs- 0.80, eHwx = 0.85) r e s u l t  i n  a HS s u r f a c e  
t empera tu re  38' F h i g h e r  t h a n  t h e  case where b o t h  s u r f a c e s  are  
o p t i c a l l y  b l ack .  For  t h e  x o r s t  combinat ion of e m i s s i v i t i e s  i n  
t h e  r anges  mentioned above (EHs= 0.75, E.H% = 0.65) t h e  HS s u r f a c e  
is 7 8 O  F h o t t e r  t h a n  t h e  b l a c k  s u r f q c e  case. 

I n  f i g u r e s  8 and 9 t h e  ave raqe  HS r a d i a t i n g  s u r f a c e  tempera-  
t u r e  o b t a i n e d  u s i n g  t h e  one-d imens iana l  model i s  g iven  a s  a 
f u n c t i o n  o f  t h e  s i n k  t empera tu re  and o f  HS and HSHX e m i s s i v i t i e s  
f o r  t h e  p l a n a r  a r r a y  VSU, f o r  t h e  p i n c u s i o n  YSU, and f o r  t h e  HSHX 
axisymmetr ic  w i t h  each  YS. 
f i g u r e s  a r e  v a l u e s  which a r e  i n : t h e  expec ted  ranges .  
t h a t  t h e  HS s u r f a c e  t empera tu re  is more s e n s i t i v e  t o  e m i s s i v i t i e s  
f o r  t h e  p l a n a r  HSU t h a n ' f o r  t h e '  o t h e r  HSU geomet r i e s  which have 
l a r g e r  h e a t  t r a n s f e r  areas., 

The1 e m i s s i v i t i e s  examined i n  t h e s e  
I t  i s  seen  

F i g u r e s  8 and 9 a l s o  show t h e  de enqence o f  t h e  HS surface 
t empera tu re  on s i n k  t empera tu re  f o r  t 1 e t h r e e  HSU'georhetries 
cons ide red .  The change i n  HS surface t empera tu re  p e r  deg ree  
of change i n  t h e  s i n k  t empera tu re  i s  ? l i g h t l y  d i f f e r e n t  f o r  t h e  
t h r e e  HSU geomet r i e s  cons ide red .  As , expec ted ,  t h i s  r a t e  of change 
i s  less  f o r  t h e  p l a n a r  a r r a y  HSU f o r  which t h e  HS t empera tu res  
a r e  h i g h e s t .  The s i n k  t empera tu re  ( t h e  HSHX tempera tu re )  i s  a 
f u n c t i o n  of  t h e  Brayton working  gas t empera tu re  and t h e  HSHX 
des ign .  For  a g iven  HSHX d e s i g n ,  t h e ' s i n k  t empera tu re  fqr t h e  
H S U  i s  reduced by r e d y c i n g  t h e  t u r b i n e  i n l e t  gas  t empera tu re .  
For  t h e  p r e s e n t  HSHX d e s i g n  t h e  HSHX h o t  s p o t  was c a l c u l a t e d  t o  
be 1670' F f o r  a 1600' F t u r b i n e  i n l e t  g a s  t empera tu re  ( r e f ,  3 ) .  
I t  i s  expec ted  t h a t  a d e c r e a s e  i n  h e a t  exchanger  t empera tu re  
( s i n k  t empera tu re )  would be s l i g h t l y  less  t h a n  t h e  co r re spond ing  
d e c r e a s e  i n  t u r b i n e  i n l e t  t empera tu re .  

The HS r a d i a t i n g  a r e a  f o r  t h e  p incush ion  HSU is assumed t o  
be  tw ice  t h e  area f o r  t h e  p l a n a r  a r r a y  HSU. 
HSHX e m i s s i v i t y  of  0.9 and a s i n k  t empera tu re  o f  1670' F, t h e  HS 
s u r f a c e  t empera tu re  f o r  t h e  pincushi0.n HSU i s  66' F less t h a n  
f o r  t h e  p l a n a r  a r r a y  HSU. The HS s u r f a c e  t e m p e r a t u r e s  f o r  t h e  
p incush ion  HSU are  s e e n  t o  be approach ing  t h e  l i m i t i n g  c a s e  i n  
which t h e  HSHX i s  axisymmetr ic  w i th ,  t he 'HS .  I n  f i g u r e  9 f o r  
6 4 %  = 0 .9  and THX = 1670° F, t h e  d t f f e r e n c e  i n  YS s u r f a c e  
t empera tu re  between t h e  p incush ion  HSU and t h e  ax isymmetr ic  c a s e  
i s  o n l y  24" F. 

I n  f i g u r e  9 f o r  a 
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F i g u r e s  6 ,  8, and 9 which show t h e  e f fec ts  o f  s u r f a c e  
e m i s s i v i t i e s ,  s i n k  t empera tu re  and HSU geometry on t h e  YS 
r a d i a t i n g  surface t empera tu re  are  an i n d i c a t i o n  of t h e  
co r re spond ing  e f f ec t  on t h e  l i n e r  h o t  s p o t  t empera tu re .  However, 
t h e  ac tua l  t empera tu re  d i f f e r e n c e  between t h e  l i n e r  h o t  s p o t  and 
HS s u r f a c e  i s  a f u n c t i o n  o f  many f a c t o r s .  Some o f  which are 
t empera tu re  l e v e l ,  FS d e s i g n  (such  as t h e  t y p e  o f  r e e n t p y  
i n s u l a t i o n  s l e e v e ) ,  *US f u e l  l o a d ,  and HSU des ign .  T h e r e f o r e ,  
q u a n t i t a t i v e  c o n c l y s l o n s  about  t h e  d i r e c t  e f fec t  of  s u r f a c e  
e m i s s i v i t i e s ,  s i n k  t empera tu re  and HSU d e s i g n  on t h e  l i n e r  
t empera tu re  must be  drawn c a r e f u l l y  from t h e  d a t a  i n  t h e s e  
f i g u r e s .  For  example, t h e  d i f f e r e n c e  i n  l i n e r  h o t  s p o t  tempera-  
t u r e  between t h e  p l a n a r  a r r a y  HSU and t h e  p incush ion  HSU shou ld  
be g r e a t e r  t h a n  t h e  d i f f e r e n c e  i n d i c a t e d  i n  figures 8 and 9 be-  
cause  t h e  c i r c u m f e r e n t i a l  t empera tu re  change w i t h i n  a HS would 
b e  l ess  f o r  t h e  two-sided h e a t  t r a n s f e r  case (p ipcush ion  HSU) 
t h a n  f o r  t h e  one-s ided  h e a t  t r a n s f e r  case ( t h e  p l a n a r  a r r a y  HSU). 
Examinat ion o f  t h e s e  e f fec ts  r e q u i r e s  a the rma l  g n a l y s i s  of  t h e  
HS i n t e r i o r  which i s  t h e  n e x t  s t e p  i n  t h e  p r e s e n t  a n a l y s i s .  

' 

Axisymmetr ical  Heat Source  Thermal A n a l y s i s  

The HS i n t e r i o r  t empera tu res  a r e  most e a s i l y  de te rmined  f o r  
t h e  c a s e  i n  which t h e  HSHX i s  axisymmetr ic  w i t h  t h e  HS. Using 
t h e  the rma l  model i n  f i g u r e  4, which n e g l e c t s  l o n g i t u d i n a l  
t empera tu re  v a r i a t i o n s ,  t h e  r a d i a l  t empera tu re  d i s t r i b u t i o n  can  
e a s i l y  be de te rmined .  T h i s  model was used  t o  de t e rmine  t h e  IBHS 
i n t e r i o r  t empera tu re  d i s t r i b u t i o n  a s  a f u n c t i o n  o f  s i n k  tempera-  
ture  f o r  h e a t  s o u r c e s  hav ing  s e v e r a l  d i f f e r e n t  k i n d s  o f  r e e n t r y  
i n s u l a t i o n  s l e e v e s ,  

The r e e n t r y  i n s u l a t i o n  s l e e v e s  c o n s i d e r e d  were t h e  n i c k e l -  
z i r c o n i a  the rma l  s w i t c h ,  two l a y e r s  o f  PG (which are b e i n g  
e v a l u a t e d  f o r  u se  i n  t h e  HS f o r  t h e  Brayton i s o t o p e  power system) 
and t h r e e  l a y e r s  of PG (which i s  b e i n g  e v a l u a t e d  f o r  u s e  i n  t h e  
HS f o r  t h e  P ionee r  m i s s i o n ) ,  The IBHS t e m p e r a t u r e s  f o r  t h e s e  
cases a r e  g iven  as  a f u n c t i o n  o f  s i n k  t empera tu re ,  f o r  a 400 w a t t  
f u e l  l o a d ,  i n  f i g u r e s  1 0  th rough  14.1 The e m i s s i v i t y  f o r  t h e  HS 
e x t e r i o r  s u r f a c e  and t h e  YSHX s u r f a c e  were t aken  as  0.80 and 0.85 
r e s p e c t i v e l y .  One p o i n t  made c l ea r  by f i g u r e s  1 0  through 14  i s  
t h a t  t h e  r a d i a t i o n  gaps assumed t o  e x i s t  between s e p a r a t e  l a y e r s  
of  t h e  r e e n t r y  p r o t e c t i o n  ' m a t e r i a l s  are  a s i g n i f i c a n t  t he rma l  
p e n a l t y  d u r i n g  power sys tem o p e r a t i o n .  I n  a l l  cases c o n s i d e r e d ,  
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t h e  t empera tu re  d i f f e r e n c e  a c r o s s  t h e  r a d i a t i o n  gaps formed by 
i n c l u d i n g  t h e  i n s u l a t i o n ,  s l e e v e  a r e  g r e a t e r  t h a n  t h e  t empera tu re  
change a c r o s s  t h e  i n s u l a t i o n .  For a n a l y s i s  a t  s t e a d y  s t a t e  
o p e r a t i o n ,  t h e  i n s u l a t i o n  s u r f a c e  e m i s s i v i t y  i s  as i m p o r t a n t  a 
parameter  as t h e  the rma l  c o n d u c t i v i t y  o f  t h e  i n s u l a t i o n ,  T h i s  
can  be seen  by comparing f i g u r e s  1 3  and 1 4  f o r  two d i f f e r e n t  
i n s u l a t i o n  e m i s s i v i t i e s .  The t empera tu re  d i f f e r e n c e s  a c r o s s  a l l  
o f  t h e  gaps w i t h i n  t h e  c a p s u l e  c l a d ,  assumed t o  be he l ium f i l l e d ,  
a r e  p r e d i c t e d  t o  be w i t h i n  t h e  range of  20 t o  30° F f o r  t h e  ca6es 
i n  f i g u r e s  10  through 14. 

I n  f i g u r e  15, t h e  l i n e r  t e m p e r a t u r e s  f o r  h e a t  s o u r c e s  w i t h  
t h e s e  t y p e s  o f  r e e n t r y  i n s u l a t i o n s  a r e  compared, I t  i s  s e e n  
t h a t  on ly  two c a s e s ,  t h e  the rma l  s w i t c b , a n d  two l a y e r s  o f  PG 
w i t h  a 0.80 e m i s s i v i t y ,  a r e  below t h e  assumed maximum l i n e r  
t empera tu re  of 2200' F. Although t h i s :  t he rma l  model i s  con- 
s e r v a t i v e  i n  t h a t  t h e  h e a t  t r a n s f e r  p a t h  th rough  t h e  c a p s u l e  
end i s  n e g l e c t e d  ( t h e  amount o f  conse rva t i sm i n  t h i s  assumption 
w i l l  be  d i s c u s s e d  l a t e r )  i t  a l s o  assumes t h e  maximum p o s s i b l e  
h e a t  t r a n s f e r  a r e a  ( i . e .  , HSHX axisymmekric t o  t h e  HS). Even 
i n  t h i s  l i m i t i n g  c a s e  of  maximum h e a t  t r a n s f e r  a r e a ,  t h e  r p s u l t s  
i n d i c a t e  t h a t  t h r e e  l a y e r s  o f  PG would produce l i n e r  t empera tu res  
above t h e  assumed l i m i t  f o r  HS f u e l  l o a d  of 400 w a t t s  and p ink  
t e m p e r a t u r e s  of  i n t e r e s t .  

The axisymmetr ic  YS t h e r m a l  a n a l y s i s  is o f  i n t e r e s t  because  
it i s  a l i m i t i n g  c a s e  o f  maximum p o s s i b l e  h e a t  t r a n s f e r  a r ea .  
But t o  de te rmine  t h e  l i n e r  h o t  s p o t  t empera tu re  f o r  a p h y s i c a l l y  
r e a l i s t i c  c a s e  i n  which t h e r e  would be a c i r c u m f e r e n t i a l  tempera- 
t u r e  g r a d i e n t ,  a more g e n e r a l  thermal' model i s , r e q u i y e d .  s 

Three-Dimensional Heat Source Thermal A n a l y s i s  

I n  o r d e r  t o  examine t h e  HS i n t e r i o r  t empera tu res  as a f u n c t i o n  
of  s i n k  t empera tu re  and US f u e l  l o a d  f o r  t h e  p l a n a r  a r r a y  HSU and 
t h e  p incush ion  HSU, t h e  qxisymmetr ica l  IBHS the rma l  model was 
g e n e r a l i z e d  t o  t h e  three ,d imens iona l  model i n  f i g u r e  Sa. T h i s  
model w a s  used t o  de te rmjne  t h e  l i n e r  h o t  s p o t  t empera tu re  t in 
an  IBHS w i t h  two t y p e s  of r e e n t r y  i n s u l a t i o n ,  n i c k e l - z i r c o n i a  
t h e r m a l  s w i t c h  and two l a y e r s  o f  PG. The r e s u l t s  are g iven  i n  
f i g u r e s  1 6  th rough  1 8  #or a 400-watt  HS f u e l  l o a d  as  q ' f u n c t i o n  
of  s i n k  t empera tu re .  For r e f e r e n c e ,  some r e s u l t s  of  t h e  a x i -  
symmetric IBHS a n a l y s i s  a r e  i n c l u d e d .  E m i s s i v i t i e s  of 0.80 and 
0.85 on t h e  HS e x t e r i o r  s u r f a c e  and on t h e  HSHX s u r f a c e  r e s p e c t i v e l y  
are  a g a i n  used ,  
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A s  no ted  e a r l i e r ,  t h e  HS t h e r m a l  models used i n  t h i s  a n a l y s i s  
a r e  c o n s e r v a t i v e  i n  t h a t  t h e y  n e g l e c t  t h e  p o s s i b l e  h e a t  t r a n s f e r  
p a t h  through t h e  c a p s u l e  ends  and t h e  Carb-I-Tex end p lugs .  A q  
estimate of  t h e  deg ree  o f  conse rva t i sm can be  o b t a i n e d  by compqring 
t h e  l i n e r  h o t  s p o t  t empera tu re  p r e d i c t e d  u s i n g  t h e  p r e s e n t  t he rma l  
model t o  t h a t  p r e d i c t e d  u s i v g  a model which i n c l u q e s  t h e  c a p s u l e  
end negion and Carb-I-Tex end p lug .  p e s u l t s  have .been o b t a i n e d  
u s i n g  such  a qomplete th ree -d imens iona l  model f o r  an IBYS c o n t a i n -  
i n g  a n i c k e l - z $ r c o n i a  the rma l  swi t ch .  For a s i n k  tempepature  o f  
16700 F t h e  r e s u l t s  of  f i g u r e  1 6  were shown t o  be consekka t ive  
( h o t t e r )  by 70' F f o r  t h e  p l a n a r  a r r a y  HSU and by 65' F f o r  t h e  
p incush ion  HSU. S i n c e  t h e  arnqunt of  conse rva t i sm was found t o  
be r e l a t i v e l y  c o n s t a n t  f o r  t h e  c a s e s  c o n s i d e r e d  it was f e l t  t h a t  
u s e  o f  t h e  p r e s e n t  t h e r h a l  model f o r  t h i s  a n a l y s i s  was j u s t i f i e d .  
The p r e s e n t  r e s u l t s  c a n  be used f o r  example t o  make a v a l i d  
comparison between HS and HSU d e s i g n s  b u t  the conse rva t i sm must 
be  c o n s i d e r e d  i f  t h e  a b s o l u t e  t empera tu re  l e v e l  i s  t o  be compared 
t o  t h e  a c c e p t a b l e  l i m i t s .  

Comparing t h e  l i n e r  h o t  s p o t  t empera tu re  f o r  t h e  p l a n a r  
a r r a y  HSU f o r  an  IBHS w i t h  a t he rma l  s w i t c h  i n  f i g u r e  1 6  t o  
t h a t  f o r  an IBHS w i t h  two l a y e r s  o f  PG ( w i t h E p C  = Q.80) i n  
f i g u r e  17  shows t h a t  t h e  two t e m p e r a t u r e s  are  c l o s e ,  The l i n e r  
t empera tu re  f o r  t h e  the rma l  s w i t c h  c a s e  i s  170 F lower t h a n  t h e  
PG case a t  a 1700° F s i n k  t empera tu re  and 2 9 O  F lower a t  a 
15000 F s i n k  t empera tu re .  
advantage  i n  changing  t h e  HSU c o n f i g u r a t i o n  from t h e  p l a n a r  a r r a y  
t o  t h e  p incush ion  i s  g r e a t e r  f o r  an IBHS w i t h  a t he rma l  s w i t c h  
t h a n  an IBHS w i t h  two l a y e r s  of PG. For  a s i n k  t empera tu re  o f  
1670' F t h e  d i f f e i e n c e  i n  l i n e r  h o t  s p o t  between t h e  p l a n a r  
a r r a y  HSU (one-s ided  h e a t  t r a n s f e r )  and t h e  p incush ion  HSU (two- 
s i d e d  h e a t  t r a n s f e r )  i s  130' F f o r  an IBHS w i t h  a t he rma l  s w i t c h  
and 100° F ' f o r  qan I p  S w i t h  two l a y e r s  of  PG, 
of  t h e  h i g h e r  c i rcum 2 e r e n t i a l  t h e r m a l  c o n d u c t i v i t y  o f  PG. 

F i g u r e s  1 6  and 1 7  show t h a t  t h e  the rma l  

Th i s  i s  ;the r e s u l t  

I n  f i g u r e  18, tHe l i n e r  h o t  s p o t  t empera tu re  i s  g iven  f o r  
an  IBHS w i t h  two l a y q r s  of  PG assuming t h e  PG e m i s s i v i t y  i s  0.50 
r a t h e r  t h a q  t h g  J?G e m i s s i v i t y  o f  0 , 8 0  assumed i n  f i g u r e  17 ,  These 
two v a l u e s  were u s e d ' b e c a u s e  o f  t h e  p r e s e n t  u n c e r t a i n t y  i n  t h e  
c o r r e c t  va lue .  Comparison o f  f i g u r e s  1 7  and 18  a g a i n  p o i n t s  o u t  
t h e  impor tance  of  t h e  the rma l  p e n a l t y  of t h e  assumed r a d i a t i o n  
gaps  between l a y ~ r s  o f  r e e n t r y  p r o t e c t i o n  mater ia ls .  The r e s u l t s  
i n  f i g u r e  18 f o r  E=:= 0.50  show l i n e r  h o t  s p o t  t e m p e r a t u r e s  w e l l  
above t h e  assumed ppper  l i m i t  o f  2200O F. 
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Up t o  t h i s  p o i n t  the  HS f u e l  l o a d  has been  h e l d  c o n s t a n t  
a t  400 w a t t s .  The v a r i a t i o n  i n  l i n e r  h o t  s p o t  t e m p e r a t u r e  w i t h  
change i n  IBHS f u e l  l o a d  i s  shown i n  f i g u r e s  1 9  t h r o u g h  2 1  f o r  
h e a t  s o u r c e s  w i t h  a t h e r m a l  s w i t c h  and w i t h  t w o  l a y e r s  of PG 
r e e n t r y  i n s u l a t i o n .  The s i n k  t e m p e r a t u r e  w a s  t aken  a s  1670' F 
i n  t h e s e  f i g u r e s ,  An i n c r e a s e  i n  IBHS f u e l  l o a d  i n c r e a s e s  t h e  
c i r c u m f e r e n t i a l  h e a t  t r a n s f e r  and, t h e r e f o r e  t e m p e r a t u r e  
g r a d i e n t ,  r e s u l t i n g  i n  a l a r g e r  d i f f e r e n c e  between t h e  p l a n a r  
a r r a y  HSU and t h e  p incush ion  HSU. 

The r e s u l t s  p r e s e n t e d  so  f a r  shaw t h e  e f f e c t s  ok some of 
t h e  h e a t  s o u r c e  sys tem pa rame te r s  on : t h e  o p e r a t i o n a l  t e m p e r a t u r e  
of an  IBHS. V a r i a f i o n  o f  t h e s e  pararqe ters  t o  reduce,  o p e r a t i o n a l  
t e m p e r a t u r e s  i s  one p o s s i b l e  approach  t o  a l l e v i a t i n g  the c o n f l i c t  
between o p e r a t i o n a l  and r e e n t r y  the rma l  r equ i r emen t s .  Another  
approach ,  ment ioned i n  t h e  Thermal C o n s t r a i n t s  s e c t i o n ,  i s  t o  
ae rodynamica l ly  shape  the HS i n  o r d e a  t o  e l i m i n a t e  the need f o r  
i n s u l a t i o n  comple t e ly  s u r r o u n d i n g  t h e  c a p s u l e .  One p o s s i b l e  
c o n f i g u r a t i o n  t o  accomplish, t h i s ,  t h e  I s o l o a f  HS, was examined 
i n  r e f e r e n c e  6 u s i n g  a two-dimensional  t h e r m a l  a n a l y s i s .  Some 
r e s u l t s  o b t a i n e d  f o r  t h e  I s o l o a f  HS u s i n g  a t h r e e - d i m e n s i o n a l  
model s imi l a r  t o  t h e  one used  h e r e  f o r  an IBHS a r e  p r e s  n t e d  
i n  f i g u r e  22. They a r e  compared w i t h  t h e  IBHS i n  a p l a  E a r  a r r a y  
and t h e  IBHS i n  a p incush ion  a r r a y  qsu. 

The I s o l o a f  IjS t h e r m a l  model i s  .shown i n  f i g u r e  5b. A s  
d i s c u s s e d  i n  r e f e r e n c e  6,  t h e  shape  , i s  i n t e n d e d  t o  make, t h e  HS 
have o n l y  one s t a b l e  a t t i t u d e  (ice., f l a t  s i d e  l e a d i n g ,  s ide -on  
o r i e n t a t i o n ) ,  The r e e n t r y  i n s u l a t i o n  su r rounds  t h e  c a p s u l e  o n l y  
on t h e  f l a t  s ide. '  During power sysfem o p e r a t i o n  t h e  I s o l o a f  
h e a t  s o u r c e s  a r e . a r r a n g e d  i n  a p l a n a r  a r r a y  w i t h  t h e  f l a t  s i d e  
on t h e  s u p p o r t  pka te .  
t r a n s f e r r e d  towar@ t h e  HSHX th rough  t h e  u n i n s u l a t e d  s i d e .  

The t h e r m a l  ene rgy  o f  t h e  c a p s u l e  i s  

I n  f i g u r e  2 2 ,  thk  I s o l o a f  HS r e s u l t s  a r e  f o r  two l a y e r s  o f  
PG r e e n t r y  i n s u l a t i o n ,  t h e  same amount used  f o r  t h e  IBHS r e s u l t s  
given.  I t  i s  s e e n  t h a t  a l t h o u g h  t h e  I s o l o a f  HS r e s u l t s  a r e  for 
a p l a n a r  a r r a y  HSU t h e  l i n e r  h o t  s p o t  t empera tu re  i s  lower  t h a n  
it would be  i n  an  IBYS u s i n g  t h e  more compl i ca t ed  p incush ion  HSU, 
The I s o l o a f  HS r e s u l t s  a r e  a l s o  shown t o  b e  i n s e n s i t i v e  t o  s l i g h t  
changes  i n  t h e  p r o p e r t i e s  o f  t h e  i n s u l a t i o n .  Fo r  t h e  IBHS w i t h  
PG e m i s s i v i t y  of 0.5,' t h e  l i n e r  h o t  s p o t  t empera tu re  exceeds  t h e  
assumed upber  l i m i t  o f  22000 F f o r  a 400-watt  f u e l  l o a d  (even i f  
t h e  c o n s e r v a t i s m  o f  t h e  p r e s e n t  t h r e e - d i m e n s i o n a l  t h e r m a l  model 
i s  t a k e n  i n t o  c o n s i d e r a t i o n ) ,  However, t h e  l i n e r  h o t  s p o t  
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t e m p e r a t u r e  i n  t h e  I s o l o a f  HS w i t h  a PG e m i s s i v i t y  o f  0 .5  i s  
below t h e  t e m p e r a t u r e  l i m i t  f o r  a 400 w a t t - f u e l  l o a d  ( e s p e c i a l l y  
i f  t h e  c o n s e r v a t i s m  i s  c o n s i d e r e d )  b e i n g  r e l a t i v e l y  u n q f f e c t e d  
by t h e  v a l u e .  

CONCLUDING REMARKS 

The h e a t  s o u r c e  o p e r a t i n g  t e m p e r a t u r e s  a r e  a f u n c t i o n  o f  
t h e  f u e l  l oad ,  t h e  HSU geometry,  t h e  s i n k  t e m p e r a t u r e  (HSHX 
tempera tu re  and t h e r e f o r e  t u r b i n e  i n l e t  t empera tu re )  and t h e  
HS r e e n t r y  i n s u l a t i o n .  This; combina t ion  must be such  t h a t  t h e  
l i n e r  o p e r a t i o n a l  t e m p e r a t u r e  i s  below t h e  maximum~allowable 
l i m i t  assumed a t  2200° F. TBHS r e e n t r y  t h e r m a l  r equ i r emen t s  
make i t  n e c e s s a r y  t o  i n c l u d e  a, r e e n t r y  i n s u l a t i o n  s leeve be-  
tween t h e  c a p s u l e  and t h e  POCO g r a p h i t e .  S i n c e  i n c l u d i n g  t h i s  
i n s u l a t i o n  s i g n i f i c a n t l y  i n c r e a s e s  o p e r a t i o n a l  t e m p e r a t u r e s  
w i t h i n  t h e  c a p s u l e ,  a c o n f l i c t  a r i s e s  between r e e n t r y  and 
s t e a d y  s t a t e  t h e r m a l  c o n s t r a i n t s .  T h i s  c o n f l i c t  can  b e  
a l l e v i a t e d  by v a r y i n g  t h e  above mentioned pa rame te r s  i n  o r d e r  
t o  reduce  t h e  HS o p e r a t i o n a l  t e m p e r a t u r e s .  

The r e s u l t s  f o r  an IBHS w i t h  d imens ions  g iven  i n  f i g u r ?  1, 
show: 

1. For  a p l a n a r  a r r a y  HSU t h e  ave rage  s u r f a c e  t e m p e r a t u r e  
o f  t h e  h o t t e s t  IjS f o r  t h e  w o r s t  expec ted  combina t ion  o f  HS and 
HSHX s u r f a c e  e m i s s i v i t i e s  ( € U S  = 0.75,  EHX = 0.65) was p r e -  
d i c t e d  t o  be 40' F h o t t e r  t h a n  f o r  t h e  nominal c a s e  ( € w s =  0 .8 ,  
EHX- 0.85).  ' 

2. I n  a p l a n a r  a r r a y ,  t h e  HS s u r f a c e  t e m p e r a t u r e s  are  more 
s e n s i t i v e  t o  HS and HSYX s u r f a c e  e m i s s i v i t i e s  t h a n  i n  a p i n -  
c u s h i o n  a r r a y .  

3. For t h e  I B Y S  c o n s i d e r e d  i n  t h i s  a n a l y s i s  u s i n g  a t h e r m a l  
switch i n s u l a t i o n  and h a v i n g  a 400-watt  f u e l  l o a q  and a s i n k  
t e m p e r a t u r e  o f  1670° F, t h e  l i n e r  h o t  s p o t  t empera tu re  i n  a HS 
i n  a ' p l a n a r  a r r a y  w a s  p r e d i c t e d  t o  be 130' F h o t t e r  t h a n  f o r  one 
i n  a p incush ion  a r r a y .  I f  two l a y e r s  o f  PG (EPG = 0 . 8 )  i n s u l a t i o n  
i s  used  i n  t h e  IBYS,, t h e  r e s u l t s  p r e d i c t e d  t h e  HS l i n e r  h o t  s p o t  
t o  beilOOo F h o t t e r  f o r  t h e  p l a n a r  a r r a y  t h a n  f o r  t h e  p i n c u s h i o n  
a r r a y  HSU. 
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4. The l i n e r  h o t  s p o t  t e m p e r a t u r e  i n  t h e  IBHS c o n s i d e r e d ,  
i n  a p l a n a r  a r r a y  pSU, i s  abou t  t h e  same w i t h  either a the rma l  
s w i t c h  i n s u l a t i o n  s l e e v e  o r  w i t h  two l a y e r s  of PG (€4 F 0.8) 
i n s u l a t i o n .  Takinp  i n t o  c o n s i d e r a t i o n  t h e  c o n s e r v a t i s m  of  t h e  
t h e r m a l  model used ,  (70° F f o r  an IBHS w i t h  t h e r m a l  s w i t c h  i n s u -  
l a t i o n  and l o c a t e d  i n  a p l a n a r  a r r a y  HSU) b o t h  cases were p r e -  
d i c t e d  t o  be marginal i n  b e i n g  a b l e  t d  o p e r a t e  below t h e  assumed 
2200' F t e m p e r a t u r e  l i m i t  on t h e  l i ne - .  

5 .  The r a d i a t i o n  gaps assumed t o  e x i s t  between s e p a r a t e  
l a y e r s  o f  t h e  r e e n t r y  p r o t e c t i o n  m a t e r i a l s  are a s i g n i f i c a n t  
t h e r m a l  p e n a l t y  d u r i n g  power sys tem o p e r a t i o n .  A s  a resul t ,  
t h e  e m i s s i v i t y  o f  t h e  s u r f a c e s  o f  t h e  r e e n t r y  p r o t e c t i o n  
mater ia l s  is as s i g n i f i c a n t  a pa rame te r  as t h e  t h e r m a l  con- 
d u c t i v i t y  of  t h e  m a t e r i a l s ,  

6. The l i n e r  t empera tu re  i n  t h e  IBHS w i t h  t h r e e  l a , y e r s  o f  
PG i n s u l a t i o n  and 400-watt  f u e l  l o a d  w a s  shown t o  exceed  t h e  
assumed maximum l i n e r  t e m p e r a t u r e  o f  2200' F even f o r  t h e  case 
i n  which t h e  YSHX is  axisymmetr ic  w i t h  the HS. 

7. The l i n e r  h o t  s p o t  t e m p e r a t u r e  i n  an I s o l o a f  I j S  (a  
v a r i a t i o n ' i n  HS c o n f i g u r a t i o n )  i n  a p l a n a r  a r r a y  was p e e d i c t e d  
t o  b e  lower  t h a n  i n  an IBHS of same l e n g t h  and f u e l  l o a d  i n  a 
p i n c u s h i o n  a r r a y .  The I s o l o a f  t e m p e r a t u r e s  were a l s o  shown t o  
be  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  amount and t y p e  o f  r e e n t r y  
i n s u l a t i o n  used.  
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APPENDIX A .  NOMENCLATURE 

A 

Fi j 
HS 

HS U 

HSHX 

HS RV 

I BHS 

k 

L 

POCO 

PG 

Q 
9 

r 

T 

T - 1 1 1  

E. 

Are a 

Geometr ic  view f a c t o r  from i t o  j 

Heat S o u r c e ;  meta l l ic  c a p s u l e  c o n t a i n i n g  i s o t o p e  
f u e l  su r rounded  by i n d i v i d u a l  r e e n t r y  p r o t e c t i o n  
m a t e r i a l s .  

Heat Soprce  U n i t ;  a r r a y  of hea t  s o u r c e s  and i t s  
s u p p o r t i n g  s t r u c t u r e  f o r  use as  Brayton  eng ine  
ene rgy  s o u r c e .  

Heat  Source  y e a t  Exchanger  

Heat Source  Reent ry  V e h i c l e ;  r e e n t r y  p r o t e c t i o n  
5 o r  t h e  h e a t  s o u r c e  u n i t .  

I s o t o p e  Brayton Heat  Source ;  d e s i g n  based  on t h e  
P i o n e e r  m i s s i o n  t h e r m o e l e c t r i c  g e n e r a t o r  h e a t  s o u r c e .  

Thermal c o n d u c t i v i t y  

Length 

POCO g r a p h i t e  r e e n t r y  m a t e r i a l  of a h e a t  s o u r c e .  

P y r o l y t i c  q r a p h i t e  

Heat  6ource  f u e l  l oad  

Heat  f l u x  

Radius  

Temp e r a  t u r e  

Tantalum a l l o y  s t r e n g t h  member of a c a p s u l e .  

E m i s s i v i t y  

Re f l e  c t i v  i t y 



S u b s c r i p t s  : 

YS refers  t o  h e a t  s o u r c e  

HX refers  t o  h e a t  exchanger  

INS refers  t o  r e e n t r y  i n s u l a t i o n  m a t e r i a l  

i refers t o  i n s i d e  s u r f a c e  

0 refers t o  o u t s i d e  s u r f a c e  

PG refers t o  p y r o l y t i c  g r a p h i t e  
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